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The  efficiency  of  fuel  cells  suffers  from  the  high  activation  polarisation  at  the  cathode,  where  the  oxygen 
reduction  reaction  takes  place.  In  order  to  improve  the  performance,  air  electrodes  composed  of  carbon 
nanotubes  (CNTs)  and  the  perovskite  Lao.6Sr0.4Co03  are  produced  by  two  different  methods  and  investi¬ 
gated.  In  the  first  method  CNTs  are  directly  grown  on  the  perovskite  and  in  the  second  method  CNTs  and 
perovskite  are  combined  by  ultrasonic  mixing.  Their  catalytic  activity  towards  oxygen  reduction  in  alkaline 
solution  is  evaluated  by  polarisation  curves  and  electrochemical  impedance  spectroscopy.  Best  perfor¬ 
mance  shows  the  electrode  composed  of  25  wt%  CNTs,  55  wt%  Lao.6Sr0.4Co03  and  20  wt%  PTFE  as  binder, 
produced  by  ultrasonic  mixing.  The  Nyquist  plot  of  this  electrode  displays  two  potential-dependent  semi¬ 
circles,  accounting  for  processes  on  the  catalyst  surface  and  for  processes  depending  on  the  morphology 
of  the  electrode. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  are  an  environmentally  friendly  and  efficient 
energy  conversion  device.  Many  research  efforts  are  going  on  to 
understand  the  factors  (e.g.  operating  conditions,  structure  and 
composition  of  the  electrodes)  which  mainly  affect  the  perfor¬ 
mance  of  a  fuel  cell  in  order  to  optimize  these  systems  successively. 
Still  one  major  problem  is  the  loss  of  efficiency  due  to  the  high 
activation  polarisation  at  the  cathode  where  the  oxygen  reduction 
reaction  occurs.  The  electrode  material  commonly  used  today  is 
platinum  on  a  carbon  support.  Norskov  et  al.  [1]  calculated  the 
free  energy  of  the  intermediate  species  of  the  oxygen  reduction  on 
Pt(l  1 1)  on  the  basis  of  density  functional  theory  (DFT)  and  con¬ 
structed  the  free  energy  diagram  at  several  electrode  potentials.  It 
was  shown  that  the  fuel  cell  cannot  deliver  1.23  V,  because  then 
adsorbed  oxygen  tends  to  be  so  stable  that  proton  and  electron 
transfer  becomes  impossible.  By  lowering  the  potential,  the  stabil¬ 
ity  of  oxygen  decreases  and  the  reaction  may  proceed.  Furthermore, 
it  was  shown  that  the  oxygen  binding  energy  depends  on  the  oxy¬ 
gen  coverage  and  also  the  OH  binding  energies  on  the  catalyst  play 
a  key  role.  It  was  stated  that  it  is  possible  that  a  class  of  catalysts 
exists  where  oxygen  and  OH  binding  energies  on  the  catalyst  are 
more  suitable  for  the  oxygen  reduction  reaction  to  occur  than  in 
the  case  of  platinum. 
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The  gas  diffusion  electrode  is  best  described  by  the  thin-film 
flooded  agglomerate  model  of  Raistrick  [2,3].  Catalyst  and  support 
form  porous  aggregates  which  are  flooded  with  the  electrolyte.  The 
catalyst  agglomerates  are  kept  together  by  the  Teflon  binder,  which 
creates  hydrophobic  gas  channels.  As  current  is  drawn  from  the 
electrode,  reactant  gas  diffuses  through  the  channels,  dissolves  in 
the  film  surrounding  the  agglomerates  and,  after  diffusing  a  cer¬ 
tain  distance,  reacts  on  the  three-phase  boundary  (gas,  catalyst, 
electrolyte). 

Therefore,  the  morphology  of  the  electrode  is  essential  apart 
from  the  catalytically  active  material.  It  is  important  to  generate 
a  large  three-phase  boundary  by  having  a  carrier  on  which  highly 
dispersed  electrocatalysts  are  supported.  The  electrode  should  have 
a  pore  structure  and  hydrophobic  nature  of  pore  surface  in  order  to 
enable  the  formation  of  a  highly  reactive  three  phase  boundary  to 
create  an  interface  where  catalyst,  electrolyte  and  oxygen  contact 
effectively  with  each  other  [4]. 

Starting  from  the  consideration  of  an  active  catalyst  and  a  supe¬ 
rior  morphology  of  the  electrode,  we  use  perovskites  as  catalyst  and 
carbon  nanotubes  (CNTs)  as  support  for  air  electrodes  in  this  work. 

It  was  shown  that  the  use  of  carbon  nanotubes  leads  to  a  better 
dispersion  of  the  catalyst  on  the  support,  which  in  turn  leads  to 
a  better  utilisation  of  the  catalyst  compared  to  activated  carbons 
[5-8].  Carbon  nanotubes  are  a  promising  support  material  as  they 
exhibit  a  high  specific  surface,  chemical  stability  and  a  nanosized 
pore  structure. 

Perovskites  have  a  high  oxygen  coverage  on  the  surface  and  a 
coverage-dependent  binding  energy  for  oxygen.  They  can  release 
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and  take  up  oxygen  in  a  reversible  way  [9].  The  general  formula  of 
perovskites  is  AB03,  whereby  the  B  ions  are  catalytically  active  3d, 
4d  or  5d  transition  metal  ions.  The  valence  state  of  the  B  ion  is  varied 
by  partial  substitution  of  the  A  ion  [10].  In  1970  Meadowcroft  [11  ] 
described  the  use  of  perovskites  in  zinc  air  batteries  for  the  first 
time.  It  was  pointed  out  that  doping  of  LaCo03  with  Sr  increases 
the  conductivity  compared  to  the  undoped  material.  Perovskites 
are  also  reported  as  electrode  materials  in  solid  oxide  fuel  cells 
(SOFC)  [12,13]. 

We  combine  CNTs  and  the  perovskite  La0.6Sr0.4CoO3  to  air  elec¬ 
trodes  by  two  different  routes  and  compare  them  regarding  their 
catalytic  activity: 

(1)  The  carbon  nanotubes  are  grown  on  the  perovskite.  The  idea 
behind  is  that  the  CNTs  act  as  additional  gas  channel  to  the 
hydrophobic  network  formed  by  the  PTFE  and  guides  the  gas 
directly  to  the  perovskite  to  create  highly  active  three  phase 
boundary  sites. 

(2)  We  simply  mix  the  carbon  nanotubes  and  the  perovskite  ultra- 
sonically  in  order  to  distribute  the  perovskite  between  the  CNTs. 

Electrochemical  impedance  spectroscopy  is  a  useful  tool  to  shed 
light  on  the  processes  occurring  on  such  electrodes.  Also  changes 
in  the  electrode  impedance  during  their  use  can  be  resolved.  In 
this  work  impedance  spectra  of  electrodes  with  different  catalyst 
loadings  are  compared  and  differences  of  the  ongoing  processes  in 
the  different  electrodes  are  stressed. 

2.  Experimental 

2.1.  Manufacturing  of  the  electrodes 

La0.6Sr0.4CoO3  was  delivered  from  Empa,  Laboratory  for  High 
Performance  Ceramics. 

The  CNTs  were  produced  by  fluidized-bed  chemical  vapour 
deposition  (CVD)  [14].  As  substrate  powder  for  the  CNT  synthesis 
MgO  [14]  or  La0.6Sr0.4CoO3  [15],  both  impregnated  with  a  Fe(N03)3 
solution,  was  used.  In  case  of  using  MgO,  the  iron  ratio  in  the  precur¬ 
sor  powder  was  5  wt%  and  the  synthesis  temperature  was  600  °C. 
These  conditions  lead  to  multi-wall  carbon  nanotubes  with  a  high 
BET  surface  [14].  The  MgO  substrate  was  removed  after  synthesis 
by  a  HC1  treatment.  In  case  of  using  La0.6Sr0.4CoO3,  the  iron  ratio  in 
the  precursor  powder  was  16.7  wt%  and  the  synthesis  temperature 
was  675  °C.  After  synthesis,  no  purification  step  followed. 

CNT/La0.6Sr0.4CoO3  electrodes  with  different  compositions, 
as  shown  in  Table  1,  were  manufactured  as  follows.  CNTs, 
La0.6Sr0.4CoO3,  PTFE  dispersion  and  distilled  water  were  mixed 
ultrasonically  for  1  h.  The  mixtures  were  dried  for  18  h  at  60  °C 
under  air  and  then  heated  to  350  °C  for  2  h  to  fix  the  PTFE  onto 
the  carbon  surface.  0.04  g  of  the  resulting  powder  was  mixed  with 
0.16  g  petroleum  (Petroleum  special,  bp  180-220  °C,  Fluka)  to  make 
a  paste,  which  was  spread  onto  a  round  piece  (24  mm  in  diameter) 
of  teflonized  Toray  Carbon  Paper  TP-090T  (QuinTech),  serving  as  gas 

Table  1 

Composition  of  different  electrodes 
Electrode  Composition 

1  80  wt%  CNTs/Lao.6Sr0.4Co03-20  wt%  PTFE 

2  55  wt%  CNTs-25  wt%  Lao.eSro^CoOs -20  wt%  PTFE 

3  40  wt%  CNTs-40  wt%  Lao.6Sr0.4Co03  -20  wt%  PTFE 

4  25  wt%  CNTs-55  wt%  La0.6Sro.4Co03 -20  wt%  PTFE 

5  40  wt%  ABa-40  wt%  La0.6Sro.4Co03-20  wt%  PTFE 

6  80  wt%  CNTs-20  wt%  PTFE 

a  Acetylene  black. 


diffusion  layer.  The  two  layers,  catalytic  active  layer  and  gas  diffu¬ 
sion  layer,  were  pressed  together  and  heated  to  320  °C  for  1  h.  And 
the  electrode  is  finished. 

The  PTFE  content  was  kept  constant  at  20wt%  in  all  elec¬ 
trodes.  Three  electrodes  with  different  ratios  of  purified  CNTs  and 
La0.6Sr0.4CoO3  (Table  1,  electrode  2-4)  were  produced.  One  elec¬ 
trode  was  made  with  the  CNTs  grown  on  the  perovskite  (electrode 
1 ).  For  comparison  one  electrode  was  manufactured  with  acety¬ 
lene  black  (Alfa  Aesar)  instead  of  CNTs  (electrode  5)  and  another 
electrode  consisted  only  of  CNTs  (electrode  6). 

2.2.  Electrochemical  setup 

The  electrochemical  measurements  were  conducted  with  a 
ZAHNER  IM6eX  electrochemical  work  station.  A  three-electrode 
arrangement  was  chosen:  the  to  be  investigated  electrode  foil, 
which  was  pressed  against  a  contact  plate  in  the  holder,  served 
as  working  electrode.  The  geometrical  active  area  of  the  electrode 
was  0.785  cm2.  The  back  side  (Toray  Carbon  Paper)  was  purged 
with  air  or  oxygen  and  the  catalytic  active  side  was  in  contact 
with  the  electrolyte.  The  reference  electrode  was  a  FIg/HgO  elec¬ 
trode  (Radiometer  Analytical)  in  a  Haber-Luggin  capillary  and 
the  counter  electrode  was  a  Pt  disk  (Radiometer  Analytical).  All 
measurements  were  carried  out  in  6  M  KOFI  (Aldrich)  at  room  tem¬ 
perature. 

Steady-state  current-potential  curves  were  measured  from  -0.4 
to  0.8  V  vs.  FIg/FIgO.  The  electrochemical  impedance  spectra  were 
recorded  in  the  frequency  range  of  100  mFIz  to  100  kFIz.  It  was  mea¬ 
sured  in  the  galvanostatic  mode,  the  ac-amplitude  was  about  10%  of 
the  dc-signal.  New  electrodes  as  well  as  the  same  electrodes  aged 
by  cyclic  voltammetry  were  investigated  by  means  of  electrochem¬ 
ical  impedance  spectroscopy.  The  obtained  spectra  were  fitted  with 
a  least  squares  fitting  program  (SIM). 

2.3.  Additional  techniques  for  characterisation 

The  electrode  morphology  was  studied  by  scanning  electron 
microscopy  (SEM,  Hitachi  S-4800).  The  specific  surface  area  of  the 
CNTs  and  acetylene  black  were  determined  by  the  BET  method 
(Belsorp-Max,  Bel,  Japan). 

3.  Results  and  discussion 

3.1.  Steady  state 

Fig.  1  shows  the  steady  state  current-potential  curves  of  the  dif¬ 
ferent  electrodes,  measured  under  air  flow.  Electrodes,  consisting  of 
CNTs  and  the  perovskites,  exhibit  a  smaller  polarisation,  and  there¬ 
fore  a  better  performance,  for  the  oxygen  reduction  reaction  than 
electrode  6  containing  only  CNTs.  Especially,  in  the  inset  of  Fig.  1, 
we  can  see  that  electrode  6  exhibits  the  largest  activation  polarisa¬ 
tion  in  the  low  current  density  region  of  all  investigated  electrodes. 
This  indicates  that  La0.6Sr0.4CoO3  has  a  catalytic  activity  for  the  oxy¬ 
gen  reduction  reaction.  Also  visible  in  the  inset,  the  electrode  with 
55wt%  perovskite  has  the  lowest  activation  polarisation  followed 
by  the  electrode  with  40  wt%  perovskite,  followed  by  the  electrode 
with  25wt%  perovskite.  The  higher  the  amount  of  perovskite  in 
the  electrode  is,  the  lower  the  activation  polarisation  is.  This  is  an 
additional  indication  for  the  catalytic  activity  of  the  perovskite.  The 
electrode  with  the  CNTs  grown  on  the  perovskite  is  as  good  as  the 
electrode  with  25  wt%  perovskite  produced  by  ultrasonic  mixing  in 
the  low  current  density  region. 

At  higher  current  densities,  that  means  at  higher  reaction  rates, 
the  impact  of  the  morphology  of  the  electrode  becomes  larger.  Oxy¬ 
gen  has  to  reach  an  active  three  phase  boundary  site  fast  enough  to 
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Fig.  1.  Steady  state  current-potential  curves  of  the  electrodes  summarized  in  Table  1 
(LSC  =  Lao.6Sr0.4Co03,  AB  =  acetylene  black),  measured  with  air. 


maintain  the  reaction.  Electrode  5  with  acetylene  black  instead  of 
carbon  nanotubes  shows  then  the  worst  performance.  This  result 
can  be  ascribed  to  the  low  specific  surface  area  of  acetylene  black 
(62m2g_1)  compared  to  CNTs  (440  m2g-1).  The  catalyst  is  less 
effective  dispersed  on  acetylene  black.  Furthermore,  the  electrodes, 
synthesized  by  mixing  CNTs  and  La0.6Sr0.4CoO3,  display  a  better 
performance  (smaller  polarisation)  than  electrode  1  consisting  of 
the  CNTs  grown  on  the  perovskite.  Different  aspects  contribute  to 
this  result.  (1 )  The  not  purified  CNT/perovskite  composite  contains 
also  amorphous  carbon  and  diverse  nanoparticles  as  by-product  of 
the  CNT  synthesis.  This  material  has  with  62  m2  g-1  a  much  lower 
specific  surface  area  than  the  purified  CNTs  (440  m2g-1),  grown 
on  MgO,  for  preparing  electrodes  by  ultrasonic  mixing  of  CNTs  and 
perovskite.  (2)  By  growing  the  CNTs  directly  on  the  perovskite  it 
happens  that  the  perovskite  is  totally  covered  by  CNTs.  Therefore, 
electrolyte  and  gas  cannot  reach  the  catalyst  sites.  In  total  this  elec¬ 
trode  contains  less  active  three  phase  boundary  sites. 

The  CNT/perovskite  composite  and  acetylene  black  have  the 
same  specific  surface  area.  But  electrode  1,  composed  of  CNTs  grown 
on  the  perovskite  displays  a  much  better  performance  than  elec¬ 
trode  5,  containing  acetylene  black  and  the  perovskite.  Acetylene 
black  consists  of  spherical  particles,  which  form  larger  dense  aggre¬ 
gates.  In  contrast,  the  CNTs  create  a  conductive  network  connecting 
the  perovskite  particles. 

At  very  high  current  densities  electrode  2  with  the  high  CNT 
content  becomes  better  than  electrode  4  with  the  high  perovskite 
content.  This  can  be  attributed  to  the  better  pore  structure  of  the 
electrode  which  is  provided  by  the  carbon  nanotubes.  The  oxygen 
can  more  easily  diffuse  to  the  catalyst  sites. 

In  summary,  the  best  electrode  had  a  composition  of  25wt% 
CNTs,  55  wt%  Lao.6Sr0.4Co03  and  20wt%  PTFE  produced  by  ultra¬ 
sonic  mixing.  Only  at  very  high  current  densities  the  electrode 
with  55  wt%  CNTs  and  25wt%  La0.6Sr0.4CoO3  showed  the  bet¬ 
ter  performance.  This  result  is  different  from  the  findings  of 
Arai  et  al.  [16],  who  examined  electrodes  containing  Ketjen 
Black  and  La0.6Ca0.4CoO3.  He  showed  that  the  electrode  with 
the  highest  content  of  Ketjen  Black  exhibits  the  best  perfor¬ 
mance  in  the  whole  current  region,  which  was  ascribed  to 
the  larger  surface  area  for  the  reduction  reaction.  Furthermore, 
Arai  et  al.  [16]  studied  two  different  carbon  supports,  Ket¬ 
jen  Black  and  graphitized,  heat-treated  Vulcan  with  specific 
surface  areas  of  1300  and  100  m2g-1,  respectively.  In  agree¬ 
ment  with  our  findings,  the  carbon  support  with  the  higher 
specific  surface  area  delivered  the  better  performance.  Similar 


Fig.  2.  Steady  state  current-potential  curves  of  electrode  4,  composed  of  25wt% 
CNTs  and  55  wt%  Lao.6Sr0.4Co03,  measured  with  air  and  oxygen. 

results  concerning  the  specific  surface  area  of  the  carbon  sup¬ 
ports  were  also  found  by  Park  et  al.  [17]  and  Sawai  and  Suzuki 
[18]. 

The  electrode  with  the  best  performance  was  also  measured  by 
purging  oxygen  to  the  gas  diffusion  layer  instead  of  air  (Fig.  2).  At 
low  current  densities  the  difference  in  potential  was  about  20  mV, 
which  corresponds  to  Nernst  law,  when  the  oxygen  reduction  reac¬ 
tion  proceeds  via  the  peroxide  pathway.  At  high  current  densities 
the  difference  was  bigger.  When  air  is  used,  the  nitrogen  builds  up 
a  barrier  for  the  oxygen  diffusion,  leading  to  a  high  diffusion  polar¬ 
isation.  This  result  is  also  in  agreement  with  findings  of  Arai  et  al. 
[16]. 

3.2.  Electrochemical  impedance  spectroscopy 

Fig.  3  shows  the  electrochemical  impedance  spectra  of  the 
new  electrode  3,  consisting  of  CNTs  and  La0.6Sr0.4CoO3  in  equal 
amounts,  measured  under  oxygen  flow.  The  Nyquist  plot  displays 
two  potential-dependent  semi-circles,  which  decrease  both  with 
increasing  overpotential.  These  two  potential-dependent  semi¬ 
circles  were  found  for  all  three  electrodes,  prepared  by  mixing 
different  amounts  of  CNTs  and  perovskite.  According  to  the  the¬ 
ory  of  the  thin-film  flooded  agglomerate  model  [3]  3  semi-circles 
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Fig.  3.  Nyquist  plots  of  the  electrode,  composed  of  40wt%  CNTs  and  40wt% 
Lao.6Sr0.4Co03,  measured  with  oxygen  at  different  current  densities. 
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Fig.  4.  Nyquist  plots  of  the  electrode,  composed  of  25wt%  CNTs  and  55wt% 
Lao.6Sr0.4Co03,  measured  with  air  at  different  current  densities  after  aging  by  cyclic 
voltammetry. 

should  be  found  in  the  Nyquist  plot  of  porous  gas  diffusion 
electrodes;  one  high  frequency  arc  related  to  charge  transfer  pro¬ 
cesses,  one  mid-frequency  arc  related  to  agglomerate  diffusion 
and  one  low  frequency  arc  related  to  diffusion  of  oxygen  through 
the  thin  electrolyte  film.  But  this  was  never  observed.  Paganin 
et  al.  [19],  Fischer  et  al.  [20],  Huang  et  al.  [21]  report  about 
one  high  frequency  potential-independent  loop  and  one  low  fre¬ 
quency  potential-dependent  loop.  The  potential-independent  loop 
is  ascribed  to  distributed  resistances  inside  the  catalyst  layer.  The 
potential-dependent  arc  contains  information  about  charge  trans¬ 
fer  processes,  agglomerate  diffusion  and  diffusion  through  the  thin 
film. 

One  high  frequency  potential-independent  semi-circle  and  one 
low  frequency  potential-dependent  semi-circle,  this  agrees  with 
the  impedance  spectra  in  Fig.  4,  we  obtained  after  aging  the  elec¬ 
trodes  by  cyclic  voltammetry.  Cyclic  voltammetry  leads  to  cracks  in 
the  electrode  surface  (Fig.  5),  resulting  in  changes  of  the  double 
layer  capacitance.  Bultel  et  al.  [22]  show  by  numerical  simula¬ 
tions  of  original  models  how,  depending  on  the  capacitance  and 
other  parameters,  one  potential-dependent  arc  splits  in  two  arcs, 
whereby  the  low  frequency  arc  is  related  to  diffusion  and  the  high 
frequency  arc  is  related  to  charge  transfer. 

The  spectra  were  fitted  with  an  equivalent  circuit  shown  in  Fig.  6. 
The  inductance  L  stands  for  the  mutual  induction  occurring  at  high 


Fig.  5.  SEM  image  of  the  electrode,  composed  of  40wt%  CNTs  and  40wt% 
Lao.6Sr0.4Co03,  after  cyclic  voltammetry. 


Fig.  6.  Scheme  of  the  equivalent  circuit. 


frequencies.  The  resistance  R t  represents  the  sum  of  electrolyte 
resistance,  contact  resistances  and  cell  resistances.  It  is  the  high 
frequency  intercept  with  the  real  axis  in  the  Nyquist  plot.  The  two 
semi-circles  are  described  by  a  series  of  two  parallel  RC  elements, 
whereby  the  capacitances  are  replaced  by  constant  phase  elements. 
It  accounts  for  an  only  partially  charged  double  layer.  The  penetra¬ 
tion  depth  of  the  current  into  the  pores  depends  on  the  frequency. 
At  high  frequencies,  the  current  travels  only  through  a  part  of  the 
pores.  That  means  that  only  a  part  of  the  double  layer  is  charged 
[2].  The  impedance  of  a  constant  phase  element  is  given  by 

z"~~c mkr  (1) 

where  CCpe  is  the  distributed  capacitance  and  ^  is  a  constant, 
0<^<1.  When  cp  =  1,  CCpe  corresponds  to  the  ideal  capacitance  C. 
In  our  case,  cp  of  the  high  frequency  loop  was  about  0.6,  while  <p  of 
the  low  frequency  loop  was  about  0.9. 

The  high  frequency  resistance  R2  accounts  for  processes  at 
the  catalyst  surface  (e.g.  charge  transfer)  and  the  low  frequency 
resistance  R3  is  related  to  the  morphology  of  the  electrodes  (e.g. 
diffusion  processes). 

The  inspection  of  the  low  and  high  frequency  resistance  against 
overpotential  leads  to  the  conclusion  that  at  low  overpotentials 
the  low  frequency  resistance  is  bigger  than  the  high  frequency 
resistance  and  therefore  rate  determining,  while  at  high  overpo¬ 
tentials  the  high  frequency  resistance  is  preponderant;  not  taking 
into  account,  that  the  low  frequency  resistance  raises  again  at  high 
overpotentials,  when  measured  with  air.  The  composition  of  the 
electrode  has  an  influence  on  both  resistances,  R2  and  R3.  R2  as  well 
as  R3  are  smallest  when  the  electrode  consists  of  25  wt%  CNTs  and 
55  wt%  Lao.6Sr0.4Co03  (best  electrode  4).  The  more  catalyst  in  the 
electrode,  the  more  reaction  sites  are  available.  The  resistance  R2} 
related  to  charge  transfer  processes,  decreases.  The  high  content  of 
perovskite  in  the  electrode  has  also  a  positive  impact  on  the  mor¬ 
phology  of  the  electrode.  The  diffusion  lengths  of  oxygen  to  reach 
a  catalyst  particle  are  shorter,  the  resistance  R3  decreases. 

Also  the  oxygen  content  has  an  influence  on  both  resistances. 
When  measuring  with  pure  oxygen,  both  resistances  are  lower. 
The  higher  the  oxygen  content  in  the  feed  gas,  the  more  oxygen 
is  delivered  to  the  catalyst  sites.  The  resistance  R2,  related  to  charge 
transfer  processes,  decreases.  In  case  of  using  air,  a  diffusion  barrier 
for  oxygen  forms  due  to  a  nitrogen  cushion.  That  is  why  the  resis¬ 
tance  R3  is  higher  with  air.  When  measuring  with  oxygen,  the  high 
frequency  loop  is  shifted  to  higher  frequencies  than  in  case  of  using 
air.  Higher  frequencies  mean  shorter  times.  The  charge  transfer  pro¬ 
cess  goes  faster  if  pure  oxygen  is  supplied  to  the  catalyst  sites.  The 
higher  the  overpotential,  the  faster  the  charge  transfers. 

The  impedance  spectrum  of  the  new  electrode  1,  made  of  CNTs 
grown  on  the  perovskite,  shows  only  one  capacitive  semi-circle  and 
one  inductive  loop  at  low  frequencies  (Fig.  7).  According  to  Bultel 
et  al.  [22],  this  inductive  loop  can  be  ascribed  to  the  concentration 
impedance  of  intermediate  adsorbed  species.  In  the  Nyquist  plot 
of  electrode  1  after  aging,  the  inductive  loop  is  not  observed  any¬ 
more  in  the  investigated  frequency  range.  The  performance  of  the 
electrode  becomes  slightly  better  after  cyclic  voltammetry.  A  sim¬ 
ilar  behaviour  is  observed  on  electrode  5,  consisting  of  acetylene 
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Fig.  7.  Nyquist  plots  of  the  electrode  with  the  CNTs  grown  on  Lao.6Sr0.4Co03,  mea¬ 
sured  with  air  at  different  current  densities. 

black  and  La0.6Sr0.4CoO3.  The  inductive  loop  disappears  after  cyclic 
voltammetry  and  the  performance  of  the  electrode  becomes  better. 
Electrode  1  does  not  only  contain  CNTs  and  La0.6Sr0.4CoO3,  but  also 
amorphous  carbon  and  other  by-products  of  the  CNT  synthesis.  It  is 
to  be  likely  that  the  inductive  loop  is  attributed  to  the  carbon  sup¬ 
port.  Species  are  adsorbed  on  the  carbon  support  (acetylene  black, 
amorphous  carbon)  and  are  removed  by  cyclic  voltammetry.  The 
removing  of  these  adsorbed  species  leads  to  a  better  performance 
of  the  electrode. 

4.  Conclusions 

Air  electrodes  composed  of  perovskites  on  a  carbon  nanotube 
(CNT)  support  were  produced  by  two  different  methods:  (A)  by 
growing  the  CNTs  on  the  perovskite  and  (B)  by  ultrasonic  mixing  of 
the  CNTs  and  the  perovskite.  Method  B  leads  to  better  electrodes 
for  the  oxygen  reduction  reaction  because  of  more  active  three- 
phase  boundary  sites.  Electrodes  produced  by  method  A  contain 
perovskites  which  are  totally  covered  by  CNTs.  Gas  and  electrolyte 
cannot  reach  the  catalyst  to  form  an  active  three  phase  bound¬ 


ary  site.  Additionally,  these  electrodes  contain  amorphous  carbon 
from  the  CNT  synthesis.  Amorphous  carbon  causes  adsorbed  inter¬ 
mediates  (inductive  loop  in  the  Nyquist  plot)  which  lower  the 
performance  of  the  electrode.  In  the  electrochemical  impedance 
spectra  of  electrodes  produced  by  method  B  two  process  are 
resolved,  charge  transfer  and  diffusion. 

Future  work  will  be  to  improve  the  CNT/perovskite  compos¬ 
ite,  composed  of  CNTs  grown  directly  on  the  perovskite.  The  CNT 
growth  on  the  perovskite  has  to  be  less  dense  so  that  gas  and  elec¬ 
trolyte  can  reach  the  catalyst  easily.  The  composite  will  be  purified 
in  order  to  remove  the  amorphous  carbon  and  other  by-products 
of  the  CNT  synthesis. 
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